In response to GM-CSF or M-CSF, macrophages (MΦ) can acquire pro-or anti-inflammatory properties, respectively. Given the importance of CD14 and Toll-like receptor (TLR) 4 in lipopolysaccharide (LPS)-induced signaling, we studied the effect of anti-CD14 antibody mediated CD14 blockade on LPS-induced cytokine production, signal transduction and on the expression levels of CD14 and TLR4 in GM-MΦ and M-MΦ. We found M-MΦ to express higher levels of both surface antigens and to produce more interferon (IFN)-β and interleukin-10, but less tumor necrosis factor (TNF)-α than GM-MΦ. Blockage of CD14 at high LPS concentrations increased the production of proinflammatory cytokines and decreased that of IFN-β in M-MΦ but not in GM-MΦ. We show that phosphorylation states of signaling molecules of the MyD88 (myeloid differentiation primary response 88), TRIF (TIR-domain-containing adapter-inducing IFN-β) and MAPK (mitogen-activated protein kinase) pathways are not altered in any way that would account for the cytokine overshoot reaction. However, CD14 blockage in M-MΦ decreased TLR4 and CD14 expression levels, regardless of the presence of LPS, indicating that the loss of the surface molecules prevented LPS from initiating TRIF signaling. As TNF-α synthesis was even upregulated under these experimental conditions, we suggest that TRIF is normally involved in restricting LPSinduced TNF-α overproduction. Thus, surface CD14 plays a decisive role in the biological response by determining LPSinduced signaling.
Introduction
Macrophages (MΦ) form a heterogeneous cell population displaying multiple functions. For the sake of simplicity they are generally categorized into two broad but distinct subsets termed M1-MΦ (classically activated) and M2-MΦ (alternatively activated) [1] . However, rather than being ontogenetically distinct, these classes represent the extremes of a continuum of functional phenotypes [2] . While M1-MΦ promoted by lipopolysaccha-ride (LPS) or interferon (IFN)-γ exhibit proinflammatory activities necessary for host defense, M2-MΦ generated in response to interleukin (IL)-4 and IL-13 are found to dampen inflammation, promote tissue remodeling and to support tumor progression. M1-MΦ are exquisitely sensitive to LPS, a prototypical activator of cells of the immune system. They respond in a robust manner by releasing numerous inflammatory mediators including the proinflammatory cytokines tumor necrosis factor-α (TNF-α) and IL-6 which support the eradication of pathogenic microbes. However, when uncontrolled, the same mediators can cause systemic inflammation, septic shock and death [3] . In contrast, M2-MΦ produce only low levels of the proinflammatory cytokines in response to LPS [4, 5] but secrete instead the anti-inflammatory cytokines IL-10 and IFN-β [6] [7] [8] .
In search of MΦ that are functionally distinct, we differentiated monocytes in the presence of colony-stimulating factors (CSF), which reflects in vivo situations that have an impact on MΦ development [9] . Consistent with elevated levels of granulocyte-macrophage (GM)-CSF during inflammation or the constitutive production of macrophage (M)-CSF in the steady state, MΦ developed in the presence of GM-CSF or M-CSF also exhibit a predisposition for polarization towards an M1-and M2-like status, respectively [4, 10] . As the features of MΦ developed in the presence of CSFs do not exactly map those of M1-and M2-MΦ [7, 11] , we will refer to the two subsets used here as GM-MΦ and M-MΦ, respectively. The first step of LPS-induced MΦ activation is the transfer and binding of LPS to the cell surface Toll-like receptor 4 (TLR4)-myeloid differentiation factor 2 (MD2) complex. This transfer is catalyzed by two accessory molecules: LPS-binding protein and cluster of differentiation 14 (CD14) [12] . CD14 is a 56-kDa glycosylphosphatidylinositol-anchored protein found on the surface of many TLR-expressing cells [13] . It contains no transmembrane or cytoplasmic domains and therefore cannot directly induce cell signaling. LPS-binding protein forms a highaffinity complex with LPS that is subsequently delivered to CD14, which in turn transfers monomeric LPS to TLR4-MD2 to initiate TLR4 dimerization and activation of two distinct pathways [12, 14, 15] . The first of these is the rapid myeloid differentiation primary response 88 (MyD88) pathway, which is activated directly from the plasma membrane leading to NF-κB activation and the production of proinflammatory cytokines [16] [17] [18] . The second (TIR-domain-containing adapter-inducing interferon-β/TRIF-related adapter molecule [TRIF/TRAM]) pathway requires the CD14-mediated internalization of TLR4/MD2 to endosomes and leads both to a delayed NF-κB response and to the activation of the transcription factor interferon regulatory factor 3 that results in IFN-β production. While TRAM/TRIF signaling has an absolute requirement for CD14 that cannot be overcome by simply increasing LPS concentrations, activation of the MyD88 pathway requires CD14 only when the LPS concentration is low [19] .
These properties identify CD14 as a potential target for the suppression of pathological inflammation. However, while blocking CD14 has been shown to reduce the production of proinflammatory cytokines [20, 21] and to have promising clinical effects [22] [23] [24] , inflammation still persists. It has recently been suggested that the combined inhibition of CD14 and complement may be more effective in this respect [25, 26] .
In the present study we examine the role of CD14 in regulating TLR4 expression as well as the LPS-induced production of TNF-α, IL-6 and IL-10. We show that blockage of CD14 resulted in an overproduction of proinflammatory cytokines in M-MΦ but not GM-MΦ when exposed to high LPS concentrations. We exclude IL-10 and IFN-β as negative regulators of the overproduction and suggest that the increased cytokine release after blocking CD14 is mainly due to an interruption of the CD14-mediated crosstalk between TLR4 signaling pathways.
Materials and Methods
Reagents and Antibodies LPS from Escherichia coli (serotype 055:B5) was obtained from Sigma-Aldrich (Taufkirchen, Germany) and LPS from Salmonella abortus equi S-form (TLR grade) from Enzo Life Sciences (Farmingdale, NY, USA). Oxidized 1-palmitoyl-2-arachidonoylsn-glycero-3-phosphatidylcholine (OxPAPC) was from InvivoGen (San Diego, CA, USA). OxPAPC was dissolved in chloroform (1 mg/mL) and divided into aliquots. Thereafter, chloroform was removed by evaporation. The thin film of lipid on the tube wall was suspended in medium. As a control, one tube without OxPAPC but with chloroform was used (CF). Recombinant human IFN-β was purchased from R&D Systems (Minneapolis, MN, USA).
Anti-CD14 antibody (Ab) (MEM-18), mouse IgG1 isotype (MOPC-21) and mouse IgG2b isotype (MCP-11) were obtained from EXBIO Praha (Vestec, Czech Republic). Anti-CD14 Ab (My4, 322A-1) was from Beckman Coulter (Brea, CA, USA). Anti-CD14-APC Ab (M5E2), anti-CD14-PerCP/Cy5.5 Ab (HCD14), anti-CD18 Ab (TS1/18, LEAF), anti-TLR4 Ab (HTA125, LEAF), mouse IgG1 isotype (MOPC-21, LEAF), and mouse IgG2a isotype (MOPC-173, LEAF) were purchased from BioLegend (San Diego, CA, USA). Anti-TLR4-PE Ab (610015), anti-IFN-β Ab (polyclonal goat IgG), anti-IL-10 Ab (25209) and normal goat IgG isotype (polyclonal) were from R&D Systems. Anti-MD2 (18H10) was from Hycultec, Beutelsbach, Germany. The FITC-labeled goat anti-mouse Ab was obtained from SIFIN (Berlin, Germany).
Cell Separation and Cell Culture
Human peripheral blood mononuclear cells from healthy donors were obtained by Ficoll-Paque Plus (GE Healthcare, Little Chalfont, UK) density centrifugation. After repeated washing in PBS containing 0.3 mM EDTA, the monocytes were isolated by counterflow elutriation using the JE-5.0 elutriation system (Beckman Coulter, Brea, CA, USA), as described previously [27] . The purity of the cell preparation was > 90% as assessed by morphological screening and immunofluorescence staining with a monoclonal APC-labeled Ab against CD14.
Monocytes were suspended in RPMI 1640 medium (GE Healthcare) supplemented with 10% (v/v) fetal calf serum (SigmaAldrich, Taufkirchen, Germany), 100 U/mL penicillin and 100 mg/mL streptomycin (Seromed Biochrom KG, Berlin, Germany) to a final amount of 5 × 10 5 cells/mL. Cells were supplemented with 500 U/mL GM-CSF (leukine, sargramostim) for GM-MΦ differentiation or 50 ng/mL M-CSF (Life Technologies, Darmstadt, Germany) for M-MΦ differentiation and incubated for 7 days at 37 ° C, 5% CO 2 in Teflon bags (Zell-Kontakt, Nörte-Hardenberg, Germany; fluorinated ethylene propylene foil, 50 µm, hydrophobic). After harvesting, the MΦ (1 × 10 6 /mL) were incubated for 2 h in cell culture plates before analysis or stimulation.
Detection of Cytokines in Culture Supernatants
MΦ (1 × 10 6 /mL) were incubated for 15 min with the corresponding blocking antibodies or reagents prior to the stimulation with LPS. Culture supernatants were collected at the specified time points and tested for TNF-α, IL-6, IL-10 and IFN-β using a human TNF-α, IL-6 or IL-10 ELISA kit (PeproTech, Rocky Hill, NJ, USA) or an IFN-β-chemiluminescent ELISA kit (InvivoGen) according to the manufacturer's protocol. MΦ (1 × 10 6 /mL) seeded in cell culture plates were washed and incubated with PBS/EDTA for 15 min at 37 ° C prior to rinsing off the detached cells. 2 × 10 5 cells were incubated at 4 ° C with 10% human AB-serum (Institute of Transfusions Medicine, University Hospital Leipzig) to saturate Fc receptors and block unspecific bindings. After 15 min the cells were washed (PBS + 10% Emagel [Pirmal Healthcare, Morpeth, UK] + 0.1% NaN 3 ), and the direct dye-labeled Ab anti-CD14-APC (M5E2 or MEM-18), anti-TLR4-PE, the nonlabeled anti-CD18 and anti-MD2 Ab as well as the corresponding isotypes were added for 20 min at 4 ° C. Cells were then washed and the nonlabeled probes further incubated for 15 min with a FITC-labeled goat anti-mouse Ab. After washing and fixation the cells were analyzed on a FACS Canto II flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA), and median fluorescence intensity (MFI) values of the isotype were subtracted from those of the sample.
Flow Cytometry Analysis

Chip Cytometry Analysis
Prior to sample loading, ZellSafe TM chips (Zellkraftwerk GmbH, Leipzig, Germany) were rinsed with 1,000 µL PBS. MΦ (2 × 10 5 /100 µL) were loaded onto the chip, incubated for 5 min to allow the cells to attach to the chip surface and fixed by rinsing with 1,000 µL 4% paraformaldehyde at 4 ° C. After 45 min, loaded chips were rinsed with 1,000 µL PBS. Chip cytometry was performed as described previously [28] with anti-CD14-PerCP/ Cy5.5 (HCD14) and TLR4-PE (610015) stained separately through iterative cycles of bleaching, staining and imaging on the ZellScanner ONE instrument (Zellkraftwerk). Image and data processing was performed automatically by Zellkraftwerk's ZellExplorer software. The fluorescence signal of each cell after staining was corrected for the background fluorescence, and MFI values were calculated.
Western Blot Analysis
Western blot analysis was carried out as described previously [29] . MΦ (1 × 10 6 /mL) were suspended in RIPA buffer (50 mM Tris, 150 mM NaCl, 1% Nonidet P 40, 0.5% deoxycholate, 0.1% SDS; pH 7.5) supplemented with cOmpleteTM EDTA-free protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany) and with phosphatase inhibitors (1 mM Na 3 VO 4 and 50 mM NaF). After sonication the samples were centrifuged for 5 min at 15,000 g and 4 ° C. The protein concentrations in the supernatants were determined using a DC Protein Assay (Bio-Rad, Hercules, CA, USA) according to the manufacturer's protocol. Cell lysates (30-50 µg) boiled in 1× Laemmli sample buffer run on a 12% SDSpolyacrylamide gel (Protean II, Bio-Rad GmbH) and transferred to polyvinylidene difluoride membranes (Amersham Biosciences, Munich, Germany). Membranes were probed with anti-phospho-IKKα/β Ab (Ser176/180, 16A6, 1: 1,000, Cell Signaling), anti-phospho-RelA Ab (phospho-NF-κB p65, Ser536, 93H1, 1: 1,000, Cell Signaling), anti-phospho-TBK1 Ab (Ser172, D52C2 XP ® , 1: 1,000, Cell Signaling), anti-phospho-extracellular signal-regulated kinase (p-ERK) 1/2 Ab (Thr202/Tyr204, E10, 1: 2,000, Cell Signaling), anti-phospho-c-Jun amino-terminal kinase (JNK) Ab (Thr183/Tyr185, 81E11, 1: 1,000, Cell Signaling), anti-phosphop38 Ab (Thr180/Tyr182, 1: 1,000, Cell Signaling) or anti-β-actin Ab (AC74, 1: 2,000, Sigma-Aldrich). The following POD-conjugated secondary antibodies were used: goat anti-rabbit IgG Ab (1: 20,000, Dianova, Hamburg, Germany) or goat anti-mouse IgG Ab (1: 8,000, Sigma-Aldrich).
Chemiluminescent detection was achieved by using the ECL-A/ECL-B reagents (both from Sigma Aldrich) and a Luminescent Image Analyzer (LAS 1000, Fujifilm, Tokyo, Japan).
RNA Isolation, Reverse Transcription and Real-Time PCR
Total RNA was isolated from MΦ using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instruction. DNase I treatment and reverse transcription were performed as previously described [29] .
The reaction mixture for the quantitative PCR contained 7.5 µL SYBR Green PCR Mastermix (Bio-Rad), 250 nM forward and reverse primers (see below) and 1.5 µL of cDNA template in a final volume of 15 µL. The following primers were used for the PCR:
GNB2L1 forward 5′-GAGTGTGGCCTTCTCCTCTG-3′ reverse 5′-GCTTGCAGTTAGCCAGGTTC-3′ TNF-α forward 5′-TCAGCCTCTTCTCCTTCCTG-3′ reverse 5′-GGCTACAGGCTTGTCACTCG-3′ IL-6 forward 5′-GGATTCAATGAGGAGACTTGC-3′ reverse 5′-GTTGGGTCAGGGGTGGTTAT-3′ IL-10 forward 5′-CGAGATGCCTTCAGCAGAGTG-3′ reverse 5′-TCATCTCAGAACAAGGCTTGGC-3′ The reactions were performed as previously described [29] using GNB2L1 as the reference gene. Statistical Analysis All statistical analyses were done using GraphPad Prism software (GraphPad Inc., La Jolla, CA, USA). First, the values were tested for Gaussian distribution using the Kolmogorov-Smirnov test with Dallal-Wilkinson-Lillie for p value. If the values follow a Gaussian distribution, the unpaired t test with Welch's correction and one-tailed or two-tailed calculation was used. If the values did not follow a normal distribution the Mann-Whitney U test was considered (• unpaired one-tailed t test, ○ unpaired two-tailed t test, ▲ one-tailed Mann-Whitney U test, △ two-tailed MannWhitney U test).
The statistical significance was classified as follows: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001.
Results
Differential TNF-α Production and LPS-Receptor Complex Expression on GM-MΦ and M-MΦ
Both GM-MΦ and M-MΦ produce TNF-α in response to LPS in a concentration-dependent manner, with a near-maximal response at 1 ng/mL (Fig. 1a, b) . The levels of TNF-α produced by M-MΦ were lower than those produced by GM-MΦ under these conditions, consistent with previous observations [8, 29] .
Given the critical role of the LPS receptor TLR4 and its coreceptor CD14 in mediating LPS-induced signaling pathways, we next determined the expression of these molecules on GM-MΦ and M-MΦ by chip cytometry [28] . By the use of this method we verified previous data [29, 30] generated by flow cytometry, showing that M-MΦ express higher levels of both TLR4 and CD14 (Fig. 1c) . This pattern was further confirmed using a different CD14 Ab together with the corresponding isotype to control for nonspecific binding (online suppl. Fig. S1 ; www. karger.com/doi/10.1159/000495528 for all online suppl. material). MD2, another surface molecule involved in LPS signaling, displays an expression pattern similar to that of TLR4 and CD14 (Fig. 1e ). MD2 forms a complex with TLR4 which upon binding of LPS results in a dimerization of two TLR4-MD2 complexes and activation of downstream signaling cascades [31] . The expression of CD18, which also participates in LPS recognition [32] and LPS signaling [33] , hardly differed between the two subsets ( Fig. 1d ).
CD14 and CD18 Limit TNF-α Production by M-MΦ in Response to LPS
The unexpected finding that anti-inflammatory M-MΦ express higher levels of TLR4 and CD14 than do the proinflammatory GM-MΦ prompted us to assess the involvement of these molecules in LPS-induced cytokine production in this system. We tested the effects of an inhibitor of the TLR4 signal pathway (OxPAPC [34] ), as well as antibodies blocking TLR4 (HTA125 [35] ), CD14 (MEM-18 [36] and My4 [37] ), CD18 (TS1/18 [38] ) and MD2 (18H10 [39] ) for their ability to affect TNF-α production induced by 1 ng/mL and 100 ng/mL LPS (Fig. 2a,  b) . The two LPS concentrations were chosen because of their differing requirements for CD14 in order to induce TNF-α production [40] . Blockage of the LPS receptor TLR4 by HTA125, of the TLR4 pathway by OxPAPC or of MD2 by 18H10 each led independently to a downregulation of TNF-α production by both MΦ subtypes, confirming that TLR4 and MD2 contribute to the TNF-α production at both low and high LPS concentrations. The effects of the other blocking reagents were highly cell type dependent: TNF-α release from LPS-stimulated proinflammatory GM-MΦ was suppressed by CD14 blockage, most markedly when the LPS concentration was low (Fig. 2a) . However, these Ab hardly affected the TNF-α release from the anti-inflammatory M-MΦ under the same conditions and actually increased the amount of TNF-α released in response to the high LPS concentration (Fig. 2b) . Ab-mediated blockage of CD18 had little or no effect on GM-MΦ (Fig. 2a) but strongly increased TNF-α production from M-MΦ (Fig. 2b) induced by either low or high concentrations of LPS. A combination of antibodies blocking both CD14 and CD18 in M-MΦ showed no additive or synergistic response (Fig. 2a, b) .
These results suggest that CD14 normally acts to boost the TNF-α response of GM-MΦ to low concentrations of LPS but to limit TNF-α production from M-MΦ exposed to high concentrations of LPS, thus maintaining TNF-α production within both upper and lower limits. CD18 is required to prevent TNF-α overproduction in M-MΦ under both low and high LPS concentrations.
CD14-Mediated Suppression of Cytokine Overproduction by M-MΦ Is Not Restricted to TNF-α
Having described that TNF-α production is differentially dependent on CD14 in GM-MΦ and M-MΦ, we went on to examine effects on the production of the proinflammatory cytokine IL-6 and the anti-inflammatory cytokine IL-10 under the same conditions. Here, too, cytokine release from GM-MΦ exposed to low levels of LPS was markedly reduced by the anti-CD14 Ab MEM-18, while the induction under high LPS concentrations was less susceptible to Ab inhibition and thus less reliant on CD14 (Fig. 3a) . The pattern of IL-6 and IL-10 production in LPS-treated M-MΦ was also similar to that of TNF-α, CD14 blockage resulting in a suppression of IL-6 produc-DOI: 10.1159/000495528 tion at low LPS concentration and in an increased production of both IL-6 and IL-10 in M-MΦ exposed to high concentrations of LPS (Fig. 3b) .
To describe in more detail the differential involvement of CD14 in the LPS response of GM-MΦ and M-MΦ, we examined the time course of both secreted protein and cellular mRNA levels up to 6 h following LPS exposure (Fig. 4) . Experiments were carried out with a concentration of 100 ng/mL LPS because at this concentration CD14 deficiency resulted in a cytokine overspill by M-MΦ but not GM-MΦ. In the GM-MΦ (Fig. 4a, c) , the reduction in TNF-α and IL-6 protein levels in the presence of the blocking CD14 Ab MEM-18 was reflected by a reduction in levels of the corresponding mRNA, while the , TLR4 signal pathway inhibitor (OxPAPC, 20 µg/mL, n = 5), anti-TLR4 Ab (HTA125, 10 µg/mL, n = 3), anti-MD2 Ab (18H10, 10 µg/mL, n = 3), anti-CD18 Ab (TS1/18, 10 µg/mL, n = 11) or the respective isotype control (solvent CF for OxPAPC) for 15 min prior to the incubation with LPS (1 ng/mL or 100 ng/mL). After 6 h TNF-α concentrations in the supernatants were determined by ELI-SA. Data represent means ± SD. Significances were calculated using the unpaired one-tailed t test (•), unpaired two-tailed t test (○), one-tailed Mann-Whitney U test (▲) or two-tailed Mann-Whitney U test (△) to the respective isotype (or CF for Ox-PAPC) (isotype/CF = 100%). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. slight increase in IL-10 production was not associated with changes at the mRNA level. Both the mRNA and protein responses in these cells were durable over 4-6 h. Figure 4b shows that under CD14 blockade M-MΦ produce more TNF-α, IL-10 and, although delayed, also more IL-6 than do the controls. Furthermore, in the absence of LPS, these cells secreted minor amounts of IL-10 in response to MEM-18 probably due to a signaling event induced by the Ab. In M-MΦ (Fig. 4d ) expression of these three RNAs followed different kinetics in response to MEM-18. Compared to controls TNF-α and IL-10 mRNA peaked at later time points, and IL-6 mRNA remained elevated for a prolonged time. IL-6 expression levels did not exceed those of controls until 4 h of incubation, consistent with the delayed IL-6 production. Comparing the mRNA and protein levels of GM-MФ and M-MФ it seems that the mRNA levels are not reflected in protein levels as normally assumed. This apparent discrepancy is due to the fact that the baseline mRNA levels of both GM-MФ (Fig. 4c ) and M-MФ ( [29] .
CD14 Prevents TNF-α Overproduction
Taken together these data demonstrate that treatment of GM-MΦ and M-MΦ with MEM-18 resulted in TNF-α, IL-6 and IL-10 mRNA expression levels which mirror the protein levels. However, the kinetics of mRNA expression under CD14 shortage differed between M-MΦ and GM-MΦ.
IFN-β and IL-10 Are Not Involved in Preventing Overproduction of TNF-α
In search of candidates that may be involved in preventing the TNF-α overshoot reaction in M-MΦ we concentrated on IFN-β and IL-10, each of which has been described to display anti-inflammatory properties and to be produced at higher levels by M-MΦ than by GM-MΦ in response to LPS (Fig. 5a, d ) [6] [7] [8] 41] . LPS-induced IFN-β production depends on the activation of the TRAM/TRIF signaling pathway that requires CD14 to mediate internalization of TLR4 into endosomes, to which TRIF is recruited [16] [17] [18] . In line with a previous report, describing an absolute requirement for CD14 in LPS-induced TRAM/TRIF signaling [19] , we found the IFN-β production to be drastically reduced in M-MΦ pretreated with the CD14-blocking Ab MEM-18 (Fig. 5b) . Blockage of CD18 with TS1/18 had no inhibitory effect. We reasoned that if the absence of IFN-β was responsible for the LPS-induced overspill of TNF-α production in MEM-18-treated M-MΦ, then addition of IFN-β should reverse the effect. However, rather than leading to a decrease in TNF-α production, exogenous IFN-β actually increased the TNF-α release independently of functional CD14 (Fig. 5c) . The upregulation of TNF-α was observed when IFN-β was applied either at 5 min before or 1 h or 2 h after stimulation with LPS (data not shown). Thus, IFN-β can be effectively excluded as a mediator of the CD14-dependent overshoot prevention.
IL-10 is also produced at far higher levels by M-MΦ than by GM-MΦ in response to LPS (Fig. 5d) . In contrast to IFN-β, IL-10 production was actually increased by blocking CD14, while the blocking Ab to CD18 had no effect (Fig. 5e) . This raised the question of whether IL-10 may actually contribute to the increased production of TNF-α in CD14-blocked M-MΦ. However, we were able to exclude this possibility by treatment with an IL-10-neutralizing Ab [42] , which slightly increased, rather than decreased TNF-α production, both in the presence and absence of the CD14-blocking Ab MEM-18 (Fig. 5f ). Thus, a role of IL-10 in preventing the TNF-α overshoot reaction can be excluded. 6 /mL) (c, f) were treated for 15 min with anti-CD14 Ab (MEM-18, 10 µg/mL) or the isotype control (IgG1) and IFN-β (200 pg/mL) (n = 3) (c) or anti-IL-10 Ab (100 ng/mL) and the corresponding isotype (IgG2b, 100 ng/mL) (n = 3) (f) prior to the addition of LPS (100 ng/mL). After 6 h, TNF-α-concentrations in the supernatants were determined by ELISA. Data represent means ± SD. Significances are calculated compared to the corresponding isotypes (IgG1or IgG1 + IgG2b = 100%). Statistical analysis was performed using the unpaired one-tailed t test (•), the unpaired two-tailed t test (○) or the onetailed Mann-Whitney U test (▲). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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CD14 Regulates LPS-Induced Signaling in M-MΦ
Having shown that responses of M-MΦ to high LPS concentrations under CD14 blockade include an overproduction of TNF-α and a strong impairment of IFN-β production, we reasoned that CD14 blockade must affect the signal transduction pathways leading to the production of these cytokines.
We analyzed signaling molecules of the MyD88-(pRelA, p-IKKα/β) and TRIF-dependent pathways (p-TANK-binding kinase1 [p-TBK1]) after stimulation with high and low LPS concentrations. With the exception of p-RelA, these molecules have been shown previously to be expressed at higher levels in M-MΦ than in GM-MΦ [29] . The primary target of the MyD88 canonical pathway is the RelA/p50 NF-κB complex, activation of which enhances transcription of proinflammatory cytokines. This effect is achieved by degradation of the NF-κB inhibitor IκB, following phosphorylation by the IĸB kinase (IKK) complex, which is itself activated by phosphorylation. The IKK complex comprises two catalytic subunits IKKα and IKKβ and the regulatory subunit IKKγ [43] . TBK1 is an essential mediator of TRIF signaling: a signaling complex involving TBK1 and IKKε is responsible for the phosphorylation and consequent activation of interferon regulatory factor 3, an important transcription factor of the IFN-β gene [16] . /mL) were treated with anti-CD14 Ab (MEM-18, 10 µg/ mL) or the corresponding isotype control (IgG1) for 15 min followed by LPS stimulation (1 ng/mL and 100 ng/mL) for various times. a, c Phosphorylated IKKα/β, RelA and TBK1 (a) and ERK, JNK and p38 (c) were determined using Western blot analysis. b, d Densitometry data of Western blots from a and c were normalized to the corresponding β-actin control. Data represent levels of phosphorylated proteins in anti-CD14 Ab-treated cells relative to the IgG1 isotype control (IgG1 = 100%, dashed line) ± SD (n = 3). The nonparametric one-tailed Mann-Whitney U test (▲) was calculated compared to IgG1 isotype control. * p ≤ 0.05. M-MΦ preincubated for 15 min with MEM-18 were stimulated with LPS for 10 min, 30 min and 60 min, and the expression of p-IKKα/β, p-RelA and p-TBK1 was measured by Western blot analysis. As depicted in Figure  6a and b, LPS at both concentrations led to a rapid phosphorylation of both IKKα/β and TBK1 which peaked between 10 and 30 min and either declined (IKKα/β) or remained elevated up to 60 min (TBK1). In the presence of MEM-18, phosphorylation of IKKα/β and TBK1 was greatly diminished in response to 1 and 100 ng/mL LPS at 10 min. While after 30 min phosphorylation of both proteins induced by 1 ng/mL LPS was still below that of controls, the inhibitory effect of MEM-18 on IKKα/β almost vanished at 100 ng/mL LPS. The effect of MEM-18 on the phosphorylation of RelA was less prominent. In contrast to p-IKKα/β and p-TBK1, p-RelA was constitutively expressed in unstimulated cells. Addition of MEM-18 in the absence of LPS marginally enhanced phosphorylation. The only other effect of blocking CD14 was a reduction in RelA phosphorylation detected 10 min after stimulation with the low LPS concentration.
To examine the role of CD14 in activating the mitogen-activated protein kinase (MAPK) pathway, one of the pathways most relevant to LPS signaling [44, 45] , M-MΦ were treated as described above in a second set of experiments and the expression of p-p38, p-ERK and p-JNK was determined (Fig. 6c, d) .
Treatment with LPS at either low or high concentration resulted in an increased phosphorylation which was clearly detectable 10 min after exposure. Maximal phosphorylation was achieved after 30 min at the low LPS concentration and after 10 min at the high LPS concentration. By 60 min, phosphorylation of the three kinases declined, although p-p38 levels remained higher than those of p-ERK or p-JNK.
Densitometric analyses (Fig. 6d) demonstrate that MEM-18 reduces the p-JNK and p-p38 levels in response to 1 ng/mL LPS after 10 and 30 min of incubation. The inhibitory effect is also seen at high LPS concentrations but only during the first 10 min. It is noteworthy that, in the absence of LPS, MEM-18 leads to an increased phosphorylation of ERK and to a lesser extent of p38, indicating that these kinases can be activated by MEM-18. However, treatment with the My4 Ab does not lead to phosphorylation of ERK (online suppl. Fig. S3) .
Together, these data show that the activation of signal transduction proteins of the different pathways is slightly greater in intensity in M-MΦ stimulated with 100 ng/mL LPS than in those stimulated with 1 ng/mL LPS. However, the level of phosphorylated proteins in response to MEM-18 and 100 ng/mL LPS does not identify these pathways as the cause of increased TNF-α production or impairment of IFN-β following CD14 blockade.
CD14 Regulates CD14 and TLR4 Expression in M-MΦ
Since CD14 is known to chaperone LPS molecules to the TLR4-MD2 complex and to mediate LPS-induced TLR4 endocytosis [16] , we examined the effect of LPS on CD14 and TLR4 expression at the cell surface in the presence and absence of MEM-18. As shown in Figure 7a and c, LPS had no effect on the expression of CD14, but led to a decreased TLR4 expression on M-MΦ without affecting GM-MΦ. Assuming that the loss of membrane TLR4 is an indicator of endocytosis and the initiation of TRIF signaling, these data are consistent with the finding that large amounts of IFN-β are produced in response to LPS by M-MΦ but not by GM-MΦ.
In the presence of MEM-18 a slight reduction of CD14 expression was seen in GM-MΦ (Fig. 7a) , independent of the activation state of the cells. This decrease was far more pronounced in M-MΦ (Fig. 7c) under the same experimental conditions, with expression levels already declining 15 min after preincubation with MEM-18 (Fig. 7d) .
CD14 blockade by MEM-18 had no influence on TLR4 expression in GM-MΦ (Fig. 7a, b) . It did, however, result in a downregulation in resting M-MΦ (Fig. 7c, d) . The decrease was not affected further by the presence of LPS, which by itself led to a similarly diminished expression of TLR4. It should be noted that TLR4 expression levels are particularly low in GM-MΦ and that changes in MFIvalues are very small, thus interpretation of the experiments should be handled with care.
Taken together our data show that treatment of resting M-MΦ with MEM-18 results in a reduction of cell surface TLR4 and CD14 expression, which then remains unaltered in the presence of LPS. Thus, assuming that the Ab initiates internalization of CD14 and TLR4, LPS added 15 min later is no longer capable of exerting an effect via TLR4 internalization and TRIF signaling. Although reduced, the expression level of CD14 and TLR4 seem to be sufficient to facilitate MyD88 signaling.
Discussion
In the current study we examined the role of CD14 in regulating the LPS-induced cytokine response of GM-MΦ and M-MΦ. LPS initiates activation by binding to CD14 which chaperons LPS molecules to the TLR4-MD2-signaling complex.
Having confirmed that GM-MΦ produce far more TNF-α than M-MΦ but display lower levels of CD14 and TLR4, we examined the extent to which the cell surface molecules control TNF-α production. Consistent with previous work [40] we found that in GM-MΦ CD14 is required for MyD88-dependent TNF-α production at low but not high concentrations of LPS. This is likely to be explained by the ability of CD14 to transport LPS to MD2, when the concentration of LPS is limiting [46, 47] , while at higher LPS doses LPS may bind to MD2 directly.
Unexpectedly, we found LPS (100 ng/mL) stimulated TNF-α production by M-MΦ to be higher when CD14 was blocked. This suggests that CD14 normally acts to restrict TNF-α production by M-MΦ, keeping it below that produced by GM-MΦ. This effect was also seen when using LPS from S. abortus equi instead of LPS from E. coli (data not shown), indicating that the effect is not LPS strain specific.
The CD14 blockade also resulted in an overspill of IL-6 production [48] suggesting that functional CD14 limits multiple components of the proinflammatory response.
These results support previous findings that CD14 deficiency causes an overspill of proinflammatory cytokines in various contexts, including peritoneal MΦ [31] , microglia [49] and bone-marrow-derived MΦ [19] . While most of the reports to date do not address the unusual inhibitory role of this cell surface antigen, we were able to relate the protective function of CD14 to a subset of human MΦ mainly involved in tissue repair, tumor progression and humoral immunity [50] . Thus, functional CD14 exerts suppressive effects on proinflammatory cytokine production specifically from M-MΦ, a finding that adds to our understanding of the anti-inflammatory nature of these cells. These data, together with those derived from well-established murine models of bacterial infection [48] showing exacerbated inflammation in CD14 -/-mice, may be of importance when considering the therapeutic use of anti-CD14 antibodies to treat inflammatory diseases with inappropriate innate immune activation.
There is evidence that members of the leukocyte transmembrane CD11/CD18 family are also involved in LPSinduced signaling [33, [51] [52] [53] . CD18 is the common subunit of the four members of the integrin β 2 -subfamily: α L β 2 (CD11a/CD18, LFA-1), α M β 2 (CD11b/CD18, Mac-1), α X β 2 (CD11c/CD18, p150, p95), and α D β 2 (CD11d/ CD18) [54] . Of the β 2 -integrins detectable on leukocytes, MΦ predominantly express CD11b/CD18. CD11b/CD18 has been postulated to interact with TLR4 and CD14 as part of the multimeric LPS-receptor complex to elicit optimal gene expression responses [55] . Perera et al. [55] found that each of the three receptors CD11b/CD18, CD14 and TLR4 was required for LPS-induced mRNA expression of cyclooxygenase-2, IL-12, and p53, whereas CD11b/CD18 was not necessary for the induction of TNF-α mRNA at low levels of LPS (0.5 ng/mL LPS).
We confirmed and extended these studies by showing that TNF-α production from GM-MΦ was CD18 independent at both low and high LPS concentrations and that in M-MΦ it even exceeded that of controls, indicating that CD18 exerted a suppressive effect in this population.
An increase in LPS-induced TNF-α release in response to treatment with anti-CD18 Ab has previously been demonstrated in monocytes [56] . Otterlei et al. [56] speculate that the upregulation of TNF-α production may be associated with an increase in CD14 expression seen after overnight incubation with LPS and anti-CD18 Ab. However, as the LPS-induced TNF-α production in both MΦ subsets peaks at earlier time points (between 2 and 4 h), we consider it unlikely that these two events are casually related. After 15 min of preincubation with anti-CD18 Ab we did not observe any changes in CD14 expression either on GM-MΦ or M-MΦ (data not shown).
The work of Han et al. [57] has paved the way to a better understanding of the role of CD11b in regulating TLR signaling. By using CD11b-deficient mice and MΦ treated with anti-CD11b/CD18 blocking Ab they found that CD11b negatively regulates TLR-triggered inflammatory responses by promoting degradation of the Toll-like receptor adapters MyD88 and TRIF. These findings help to explain why CD11b deficiency exacerbates dextran sodium sulfate-induced colitis [58] and renders mice more susceptible to endotoxin shock and E. coli-caused sepsis [57] . It seems likely that the overspill of TNF-α and IFN-β production in CD18-blocked M-MΦ described here is mediated by a similar molecular mechanism.
Having shown that both CD14 and CD18 restrict TNF-α production, we tested whether the absence of both surface molecules at the same time had an impact on the TNF-α response. Our data indicate that CD18 requires the presence of intact CD14 to function as a negative regulator of TNF-α production. Elevated TNF-α levels are not modulated by functional CD18 in the absence of CD14.
Having identified the MΦ subtype and the conditions under which CD14 negatively impacts TLR4 signaling, we reasoned that the activation state of components of TLR4 signaling pathways might determine the biological response. In addition to the MyD88-and TRIF-dependent pathways, we analyzed components of the MAPK pathway, which plays a significant role in LPS-induced signaling and cytokine production [59] . Comparing the kinetics and phosphorylation levels of the respective compounds in MEM-18-treated and untreated M-MΦ stimulated with either 1 or 100 ng/mL LPS, we were surprised that the phosphorylation patterns of the mediators were much alike, although they belong to different signal transduction pathways. We found the phosphorylation levels to be slightly increased and the MEM-18-mediated inhibitory effect less persistent in response to 100 ng/mL LPS. These data might explain differences in TNF-α production between the two LPS concentrations. However, DOI: 10.1159/000495528 they do not necessarily account for the TNF-α overspill seen after stimulation with 100 ng/mL LPS.
Phosphorylation of ERK not only occurred in response to LPS, but also upon treatment with MEM-18 in the absence of LPS, indicating that the Ab by itself is able to activate the cells. These data are in line with previous reports [60, 61] showing that anti-CD14 Ab induces a rise in [Ca 2+ ] i in human monocytes, a process found to be caused by cross-linking monocytic antigen to an Fc receptor. Detailed analysis of Fc receptor cross-linking processes revealed the involvement of ERK signaling in downstream effects in stimulated cells [62] . However, blockage of CD14 by the My4 Ab led also to a TNF-α overspill without phosphorylation of ERK, indicating that p-ERK is not responsible for the TNF-α overproduction.
Considering the importance of CD14 and TLR4 in regulating LPS-induced signaling and the relatively high expression levels of the two molecules on M-MΦ, we addressed more specifically the role of the surface antigens in the MEM-18-mediated LPS-induced TNF-α overshoot reaction. Assuming that the loss of surface CD14 and TLR4 is due to internalization [63] , we found that this process was greatly enhanced in response to MEM-18 independently of the presence of LPS. As CD14 is essential for LPS-induced TLR4-endocytosis and TRIF signaling, the loss of CD14 would explain the reduction in TLR4 internalization and IFN-β production in response to LPS. On the other hand, as downregulation of CD14 in the absence of the endocytic machinery resulted in an overproduction of TNF-α, one could speculate the failure of critical steps or interactions between signal transduction pathways that normally control or prevent extreme release activities. A potential candidate of such interactions, IFN-β, has been suggested as a negative regulator [49, 64, 65] . However, we did not find any evidence to support this notion. Instead, we suggest that a lack of CD14-dependent LPS-induced TLR4 internalization might provoke increased and prolonged signaling via MyD88. To unravel the precise molecular mechanism underlying the LPS-induced TNF-α overspill in M-MФ will require further detailed investigations.
Taken together, our data show that CD14 contributes to the anti-inflammatory signature of M-MΦ by preventing excessive responses to high LPS challenges in this population. In response to CD14 shortage the cells shift toward a phenotype that in some aspects bears resemblance to GM-MΦ. Thus, expression levels of CD14 may determine the outcome of the biological response, by orchestrating LPS-induced signaling.
